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Abstract 
The electromagnetic interference of power lines to nearby metallic pipelines has been a subject of research for many decades. 
Usually attention was given to gas or oil pipelines that shared the same rights-off-way with a power line for large distances. 
However, the recent advancement of renewable energy sources and specifically Photovoltaic (PV) power, due to generous 
incentives provided in many countries, has resulted in installations of large PV power stations even in agricultural areas. This 
brought up cases where such power stations in the MWp level, typically connected in medium voltage through buried cables, are 
located in the vicinity of metallic irrigation pipelines. Under certain conditions, these situations may result in induced voltages 
and currents on the pipeline that can pose threats to operating personnel. This work presents an analysis of the problems through 
a quasi-real case study adapted from a real case of a PV power station. The calculation methodology involves a hybrid method 
that is used in a way to reduced computational time. Results are presented both for normal operating conditions and faults in the 
power station and may be useful for both agriculture professionals and engineers. 
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1. Introduction 
Starting from the adoption of the Kyoto protocol in 1997, a rapid development of Renewable Energy Sources 
(RES) has been experienced worldwide. Dedicated energy policies, directives and incentives provided by 
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governments contributed significantly to reaching 390 GW of installed RES power worldwide at the end of 2011 [1] 
without hydro. Out of the types of RES technologies available, solar Photovoltaic (PV) grew steeply from a mere 1 
GWp of installed capacity worldwide in 1998, to more than 70 GWp in 2012 [1]. Especially in Greece, the generous 
Feed-in-Tariffs (FiTs) adopted led to a situation met in few countries where the total installed PV capacity surpassed 
that of wind power, being almost 1950 GWp by February 2013 [2]. 
Of particular interest to the agricultural community was the favorable treatment in terms of FiT’s and licensing 
procedures for professional farmers, who could install solar PV plants even in areas characterized as highly fertile 
lands. Apart from that and in contrast with wind power parks that are installed more often far away from farming 
lands, large solar PV plants are being installed in the vicinity of cultivable lands. Solar PV power stations with 
capacities at the MWp level are not uncommon in Greece. A total of 198 MWp of installed capacity was reported by 
the end of 2012 only for plants greater than 2 MWp [3]. Moreover, such installations cover large areas of thousands 
of m2 and are connected with the main grid at the MV level. The connection with the grid is usually at the borders 
of the land, which means that AC voltage cables connecting various LV/MV transformers may run in hundreds of 
meters inside the land. 
The above situation is encountered relatively frequency in Greece and gives rise to electromagnetic interference 
concerns to nearby metal pipelines, such as gas pipelines [4]. This type of problem is not a new one and has been the 
subject of research and engineering studies over the last five decades. It is well known that electric currents flowing 
in overhead or underground conductors may energize through the generated magnetic field nearby metal pipelines 
(e.g. gas pipes) and interfere with telecommunication or other equipment. The above mechanism is characterized as 
inductive coupling, whereas the term conductive coupling refers to the electric potentials reaching buried metallic 
conductors when an electric current flows in the earth as a result of a fault. A third mechanism, termed capacitive 
coupling, is present only in cases with overhead pipelines and is due to the parasitic capacitances between the 
electric conductor and the overhead pipeline. 
Previous work on the subject of electromagnetic interference of electrical conductors focused mainly on buried 
gas pipelines [e.g. 5-9], but also on oil [10] and irrigation pipelines [11-12]. The interference to telecommunication 
cables was investigated also in [13-14]. Furthermore, various standards, guidelines and directives have been issued 
aiming to provide guidance to engineers and utilities on the subject [15-20]. 
Irrigation pipes used in farming land are usually made of PVC or polyethylene. However, quick coupling 
aluminum or steel pipes are also used on a smaller scale, while galvanized steel pipes are not frequently encountered 
due to their expensive price [21]. Aluminum irrigation pipes have a diameter between 2 and 6 inches and are 
manufactured in lengths of maximum 12 m [21]. Longer distances are covered through joining pipes together with 
aluminum quick couplings. They seem to be an attractive choice as they maintain their value over time [21]. 
Nevertheless, care should be taken when an irrigation system using metal pipelines such as aluminum ones is 
located nearby power lines, since aluminum is an excellent conductor of electricity. Various groups or reports have 
identified such risks concerning irrigation pipelines, which often run in long distances and in parallel and close 
proximity to power lines [22]. 
Within the above context, this work aims to investigate the risks to farmers or personnel coming in contact with 
exposed metal irrigation pipelines in the vicinity of large PV power plants and provide simple guidelines for 
minimizing the electromagnetic coupling. Therefore, a methodology is employed that involves extensive use of 
computer simulations to increase the accuracy of the calculation. A case study is analyzed and parametric analysis of 
important parameters is performed. A real case of a PV power plant is used as the source of electromagnetic 
interference to a fictitious irrigation pipeline located in the neighboring land.  
In Section 2, the description of the case study and the parametric analysis is detailed, whereas in Section 3 the 
calculation methodology is summarized. Section 4 presents the main results from the case study and finally the 
conclusions in Section 5 contain useful recommendations. 
2. Case Study 
In order to study the above type of electromagnetic interference, the case of a 5 MWp PV power plant is 
examined. The PV power plant is assumed to be the cause of electromagnetic interference on a nearby metal 
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irrigation pipeline. In Fig. 1 the case study is depicted and, particularly, the routes of the Medium Voltage (MV) 
cable and the irrigation pipeline. 
The PV panels produce electrical energy in the form of DC voltage and current and this means that inversion to 
AC is necessary. This happens in several substations inside the installation ground at the same time with voltage 
transformation, from the Low Voltage (LV) at the output of the inverter to the MV voltage of 20 kV at the output of 
the LV/MV transformer. These substations are connected with a MV Single Core (SC) cable, which ends its route at 
the point of common coupling (PCC). Fig. 2 shows the MV SC cable layout, which is buried at 1 m depth. The PV 
park consists of four 0.324/20 kV step-up transformers with nominal power varying from 800 kVA to 1600 kVA, as 
shown in Fig. 3. Two three-phase MV cable systems are used in the topology as primary supply and as a back-up, 
respectively. The nominal current is taken equal to 168A. 
Τhe irrigation pipeline is assumed to be buried at 0.6 m. It has inner and outer diameters of 0.15 m and 0.155 m, 
respectively and a bituminous coating with thickness of s = 0.71 cm and resistivity of ρc=106 Ω∙m. The steel 
relative permeability and resistivity are taken as μs=300 and ρs=17 μΩ∙cm, respectively. Fig. 2 shows the cross 
section of the pipeline. 
The MV cable runs in parallel with the irrigation pipeline of the neighbouring field at a distance of 186 m. The 
length of the parallel exposure is 400 m. 
 
 
Fig. 1. Aerial view of a 5 MWp PV power plant connected in MV, in the vicinity of a metal irrigation pipeline 
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Fig.2. Cross section of the MV SC cable and irrigation pipeline 
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Fig. 3. PV power station topology 
3. Calculation Methodology 
Equations and formulae should be typed in Mathtype, and numbered consecutively with Arabic numerals in 
parentheses on the right hand side of the page (if referred to explicitly in the text). They should also be separated 
from the surrounding text by one space. 
The methodology used to calculate the electromagnetic interference caused by the PV power plant to the nearby 
irrigation pipeline follows a hybrid approach, combining both field and circuit tools. The circuit approximation is 
necessary since the examined area that must be covered in case only a field approach is employed is very large and 
results in prohibiting calculation costs.  
Step 1: The first step involves the formulation of the problem geometry into meaningful data for the following 
computation. The required input data are the power line and pipeline geometrical configuration, the physical 
characteristics of conductors and pipeline, the air and earth characteristics and the load or fault currents. 
Step 2: At the second step, the determination of the self and mutual impedances between all conductors of the 
problem including the pipeline takes place. This step utilizes either Finite Element Method (FEM) calculations, if 
complex problem configurations are encountered such as soil or terrain irregularities [23], or common analytical 
formulas when a more rapid solution is desired.  
For the case study presented here, the series self and mutual impedance per-unit-length (pul) parameters of the 
MV cable system and the pipeline are calculated using the formulation for underground systems proposed in [24]. 
Special emphasis is given on the accurate representation of the imperfect earth on the series impedances of the 
conductor system. Therefore, the formulas proposed in [25] are adopted in this work. 
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Fig. 4. Representation of the problem with a suitable equivalent circuit 
Step 3: At this point, a suitable equivalent circuit is constructed that emulates the complex field problem. A 
sample circuit is shown in Fig.4. The pipeline is considered as another conductor with both series self and mutual 
impedances, as long as shunt impedances representing the non-ideality of the coating and possible direct 
groundings. 
Step 4: At the final step the circuit model is solved using circuit techniques like the one proposed in [23]. All 
voltages and currents in the pipeline as well as the equivalent earth return path are calculated. 
4. Results 
Several parameters would be worth to analyze for such a case. In the following only a brief presentation of some 
interesting results are presented that provide useful observations and recommendations. For all cases, the worst case 
condition is taken that is the back up line is energized. This means that the route from the MV transformers to the 
PCC is through the loop and therefore two cable systems that are installed side-by-side are energized.  
First, the case when pipeline is either insulated or grounded at extremities is studied. In Fig. 5 four simulations 
are performed. For case A the pipeline is assumed insulated at both ends, while for case B the right end of the 
pipeline is terminated with the characteristic impedance of the pipeline, emulating the possibility that the pipeline 
extends for long after the parallel exposure. Case C and D present the effect of grounding the right end and both 
ends of the pipeline respectively with direct 2 Ω groundings.  
It may be realized that under certain conditions the induced voltage may reach levels that are dangerous to 
operating personnel and to the pipeline. In fact, the standard [20] limits of allowable voltage to 10 V on a coated 
pipeline, if the risk of AC corrosion is to be small. Although European standards like the EN50443 [17] set the 
allowable voltage for operating personnel safety to 60V, other standards like the NACE one [18] limits it to just 
15V. In any case, the actual danger to a person touching an exposed riser comes from the current entering the human 
body, which depends both on the electric potential of the riser and the resistance of the human body. This resistance 
varies greatly under certain conditions. 
The above simulations assumed balanced loading of the three phase cable system, a logical assumption since 
three-phase inverters are used to convert DC to AC. However, it has been observed that distribution lines connecting 
PV power plants to the grid may present small unbalance conditions around 1-1.5% [26]. Fig. 6 shows the induced 
pipeline voltage obtained for different unbalances on the three phase cable system, with the pipeline insulated at 
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both ends. From this graph one can understand that the possibility of unbalanced loading should always be taken 
into consideration, as even the slightest of the unbalance on the cable system may result in significant increase of the 
induced voltages. 
Another parameter that is interesting to investigate is the length of parallel exposure. Practical considerations 
about the usual PV power plants at the MWp level, limit the length of the exposure to levels around 1 km. This 
means that this length is less than the characteristic impedance length of the pipeline, resulting in the induced 
voltages at both ends to be analogous to the length of exposure [7]. Fig. 7 proves this fact by depicting the induced 
voltages for various lengths of exposure, with the pipeline insulated at both ends. 
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Fig. 5. Induced pipeline voltage for the cases when the pipeline is A: insulated at both ends, B: terminated at right end with characteristic 
impedance, C: terminated at right end with a normal grounding of 2Ω, D: terminated at both ends with normal groundings of 2Ω  
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Fig. 6. Induced pipeline voltage for the cases when the pipeline is insulated at both ends and there exist in the three-phase system A:, 2% 
unbalance B: 1.5% unbalance, C: 1% unbalance D: balanced loading 
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Fig. 7. Induced pipeline voltage for different lengths of parallel exposure 
5. Conclusions 
The issue of electromagnetic interference caused by large PV power plants on buried metallic irrigation pipelines 
was examined. In spite of being a well known problem concerning power lines in general, the rapid deployment of 
new and large PV power plants may result in cases such as the one presented here. A brief presentation of the 
calculation methodology was included, suitably adapted from previous publications of the authors. 
The study presented results only from normal or slightly unbalanced operating conditions of the three-phase cable 
system. Situations concerning faults and especially single phase to earth would result in significant higher induced 
voltages, which mean that the protection devices should clear the fault rapidly. From the human safety side, the 
interference under continuous operation of the PV plant is a lot more important than a fault that may clear out in 
fractions of a second. Having that in mind, previous sections evaluated three parameters, namely the type of 
termination at each pipeline end, the level of unbalanced loading and the length of parallel exposure. 
The larger the length of exposure results in equally larger induced voltages that peak at both ends when the 
pipeline is terminated with the same impedance, at least for practical lengths for the case studied here. Unbalanced 
loading that may be present naturally will result in higher inductive coupling and should be taken into consideration. 
Finally, a common method to reduce the pipeline induced voltages is to install grounding systems at both ends, 
possibly using low-voltage surge arresters that provide a low resistance path to AC currents.  
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